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Equiaxed  yttrium-lanthanum  phosphate  nanoparticles 
(Y0.7,La0.3)PO4  •  0.7H2O  were  made  and  used  to  continuously 
coat  Nextel™  720  fiber  tows.  The  particles  were  precipitated 
from  a  mixture  of  yttrium  and  lanthanum  citrate  chelate  and 
phosphoric  acid  (H3P04),  and  characterized  with  differential 
thermal  analysis  and  thermogravimetric  analysis,  X-ray  diffrac¬ 
tion,  transmission  electron  microscopy,  and  scanning  electron 
microscopy.  The  coated  fibers  were  heat  treated  at  1000°- 
1300°C  for  1,  10,  and  100  h.  Coating  grain  growth  kinetics 
and  coated  fiber  strengths  were  determined  and  compared  with 
equiaxed  La-monazite  coatings.  The  relationships  between  coat¬ 
ing  porosity,  coating  hermeticity,  and  coated  fiber  strength  are 
discussed. 


I.  Introduction 

Monazite  (LaP04)  fiber  coatings  promote  crack  deflection 
and  fiber  pull  out  in  oxide-oxide  ceramic-matrix  compos¬ 
ites  (CMCs).1  ^  Two  significant  fiber  coating  issues  are  the 
thermomechanical  stability  of  fiber  coatings  controlled  by 
fiber  coating  coefficient  of  thermal  expansion  (CTE)  differenc¬ 
es,6,7  and  the  high-temperature  microstructural  instability  of 
coatings,  principally  coating  spheroidization  enabled  by  grain 
growth.8  1  Large  coating-fiber  CTE  differences  promote 
debonding  of  coating  during  fiber  handling  and  CMC  process¬ 
ing.  Spheroidization  of  thin  coating  limits  coating  coverage  and 
therefore  mechanical  functionality,  and  exposes  fiber  surfaces 
to  environmental  effects  during  processing  and  use  that  may 
degrade  fiber  strength.12  15 

The  two  oxide  fibers  most  suitable  for  high-temperature  struc¬ 
tural  CMCs  are  Nextel™  610,  an  all  alumina  fiber  with  an  av¬ 
erage  CTE  of  7.9  x  10_6oC_1, 16,17  and  Nextel™  720,  an  alumina- 
mullite  fiber  with  an  average  CTE  of  6.6  x  10_6oC_1. 16,17  Both 
have  CTEs  lower  than  monazite  (9.6  x  10-6oC-1).1  An  oxide 
coating  similar  to  monazite,  but  with  a  lower  CTE  that  is  more 
compatible  with  Nextel™  720  is  desirable.  Xenotime  (YP04)18-20 
bonds  weakly  to  many  oxides  and  has  an  average  CTE  of 
6.2  x  10-6oC-1.21  There  are  some  reports  that  compared  with 
monazite,  grain  growth  and  sintering  of  xenotime  are  slow,21,22 
so  the  high-temperature  microstructural  stability  of  xenotime 
coatings  could  be  better  than  that  of  monazite.  Two-phase  mix¬ 
tures  of  monazite  and  xenotime  can  in  principle  be  tailored  to 
match  the  CTE  of  Nextel™  720.  An  additional  possible  benefit  of 
two-phase  mixtures  is  further  reduction  of  grain  growth  rates,23 
25  which  in  turn  promote  the  high  temperature  microstructural 
stability  and  limit  spheroidization  of  thin  fiber  coatings. 
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The  formation,  characterization,  and  possible  benefits  of  two- 
phase  monazite/xenotime  continuous  fiber  coatings  of 
(Y0  7,La0.3)PO4  bulk  composition  are  reported.  Rare-earth 
phosphates  such  as  monazite,  can  be  synthesized  by  a  variety 
of  wet  chemical  methods.2^37  A  controlled  precipitation  meth¬ 
od  was  used  to  make  nano-sized,  equiaxed  LaP04  •  (nR20) 
rhabdophane  particles  by  use  of  lanthanum  citrate  chelate 
(La-Cit)  and  phosphoric  acid  (H3P04). 7,38,39  The  controlled 
precipitation  method  was  applied  to  make  single  phase  (Y,La)- 
P04  •  (nR20)  nanoparticles  with  a  high  Y  content  that  convert 
to  a  two-phase  equiaxed  monazite/xenotime  mixtures  after 
heat  treatment  above  950°C  during  fiber  coating.  The  effect  of 
heat  treatment  temperature  on  grain  growth,  coating  hermeti¬ 
city  and  coated  fiber  strength  is  measured  and  discussed. 


II.  Experimental  Procedure 

(1)  Materials 

Reagent  grade  lanthanum  nitrate  hydrate,  phosphoric  acid,  alu¬ 
minum  nitrate  nanohydrate  (Aldrich  Chemical  Co.,  Milwaukee, 
WI);  Yttrium  nitrate  hexahydrate  (Alfa  Aesar,  Ward  Hill  MA) 
and  citric  acid  (CA)  (Fisher  Scientific  Co.,  Pittsburgh,  PA)  were 
used  without  further  purification.  The  water  of  hydration 
of  La(N03)3  •  xH20  was  determined  as  0.6  and  that  of 
Y(N03)3-6H20  was  confirmed  before  (Y,La)-rhabdophane 
synthesis.  Water  was  purified  with  the  nanopure  system  (Mod¬ 
el  D4744,  Barnstead/Thermolyne  Corp.,  Dubuque,  I  A)  for  all 
experiments. 

(2)  Precursor  Chemistry 

Equiaxed  hydrated  (Y,La)P04  nanoparticles  were  formed  by 
controlled  precipitation  from  yttrium  nitrate,  lanthanum-ni¬ 
trate,  CA  and  phosphoric  acid  as  previously  done  for  La-Cit 
derived  rhabdophane.38  A  yttrium-lanthanum  citrate  mixture 
(Y, La-Cit)  was  made  by  dissolving  yttrium  nitrate  and  lantha¬ 
num  nitrate  in  ethanol  and  adding  CA  to  complex  the  yttrium 
and  lanthanum  ions.  The  yttrium  to  lanthanum  molar  ratio  was 
7:3  and  the  (Y+La):CA  molar  ratio  was  1:5.  Phosphoric  acid 
was  added.  The  P  to  (Y+La)  molar  ratios  was  1:5.  The  solution 
was  stirred  and  equilibrated  at  ~20°C  for  15  min.  Rhabdop¬ 
hane  precipitation  was  not  observed  during  the  equilibration 
period.  The  solution  was  heated  to  ~30°C  to  precipitate 
(Y,La)P04  •  xH20  according  to: 

(Y,  La)-Cit  +  H3P04  (Y,  La)PQ4  •  H2Q  +  H3Cit  (1) 


The  particles  were  separated  from  the  supernatant  by  centrif¬ 
ugation,  and  washed  and  redispersed  in  deionized  water  to  re¬ 
move  residual  nitrate  and  citrate.  Washing  was  repeated  until 
the  sol  acidity  decreased  from  a  pH  of  <  1  to  a  pH  of  ~3.  Par¬ 
ticles  dispersed  at  pH  =  3  were  not  stable;  they  agglomerated 
and  settled  within  3  h.  The  particles  were  de- agglomerated  by 
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Fig.  1.  Transmission  electron  microscope  image  and  as  energy- dispersive 
simulation  showed  the  Y:La  molar  ratio  to  be  70:30. 

adding  NH4OH  to  pH  =  ~  9,  and  were  further  dispersed  with 
tetramethyl  ammonium  hydroxide  (TMAH)  solution.  The  pH 
was  determined  with  a  pH/ion  meter  (Corning  Inc.,  Corning, 
NY).  The  dispersed  particles  were  separated  by  centrifugation, 
washed  and  redispersed  in  deionized  water.  Washing  was  re¬ 
peated  until  the  pH  was  ~7.  The  sol  was  then  used  for  fiber 
coating.  Transmission  electron  microscope  (TEM)  images  of  the 
coated  fibers  showed  a  thin  layer  of  aluminum  phosphate 
(A1P04)  at  the  fiber  coating  interface  caused  by  the  reaction  of 
the  excess  phosphorus  in  the  coatings  and  alumina  in  the  fiber 
surface  (Section  111(3)  below).  To  scavenge  excess  phosphorus, 
some  (Y,La)P04  •  H20  sol  was  doped  with  1  wt%  A1203  in  the 
form  of  aluminum  nitrate-citrate.  These  sols  were  also  used  for 
fiber  coating. 

(3)  Characterization 

Differential  thermal  analysis  (DTA)  and  thermogravimetric 
analysis  (TGA)  (Model  STA-409,  Netzsch-Geratebau  Gmbh, 
Selb,  Germany)  were  done  at  a  heating  rate  of  10°C/min  from 
50°  to  1400°C  in  air.  Powder  samples  for  DTA  and  TGA  anal¬ 
ysis  were  dried  at  140°C  for  18  h.  X-ray  diffraction  (XRD)  was 
done  with  a  diffractometer  (Rotaflex,  Rigaku  Co.  Tokyo,  Ja¬ 
pan)  after  a  1  h  heat  treatment  at  1000°,  1100°,  1200°,  1300°,  and 
1400°C.  Particles  were  separated  with  Sorvall  Super  Centrifuge 
(Model  T21,  L.P.,  Newtown,  CT).  Particle  agglomerate  size  was 


Fig.  2.  Particle  size  distribution  for  La-rhabdopane  and  (Y,La) 
rhabdophane  particles  measured  by  light  scattering. 


'-ray  spectrum  (EDX)  of  as  precipitated  (Y,La)P04  •  0.7H2O  particles.  EDX 

measured  with  a  light  scattering  Particle  Size  Analyzer  (Model 
N4  Plus  Coulter™,  Miami,  FL).  The  coatings  were  examined 
with  a  scanning  electron  microscope  (SEM)  (Model  360FE 
Ernst  Leitz,  Wetzler,  Germany)  equipped  with  energy-disper¬ 
sive  X-ray  spectrometer  (EDX)  (ThermoNoran  Voyager,  The¬ 
rmo  Electron  North  America  LLC,  Madison,  WI)  operating  at 
1 5  kV.  TEM  of  the  particles  and  coatings  was  done  with  a  200 
kV  electron  microscope  (Philips  CM200,  FEI  Co.,  Hillsboro, 
OR)  equipped  with  EDS  (ThermoNoran  Voyager,  Thermo 
Electron  North  America  LLC,  Madison,  WI).  Particles  were 
prepared  for  TEM  analysis  by  drying  sols  on  TEM  grids.  Coat¬ 
ed  fiber  cross-section  TEM  thin  foils  were  made  by  established 
methods.40,41  Single  filament  tensile  strengths  and  Weibull  mod- 
ulii  were  measured  using  a  2.54  cm  gauge  length.  A  minimum  of 
50  tests  were  done  for  each  data  point  under  the  assumption  of  a 
uniform  fiber  diameter.42 

(4)  Fiber  Coating 

Nextel™  720  fiber  tows  were  coated  with  the  hydrated  yttrium- 
lanthanum  phosphate  [(Y,La)PQ4  •  H20]  sol  washed  to  a  pH  ~  7. 


Fig.  3.  Thermogravimetric  analysis  weight  loss  of  rod-shaped  La- 
P04  XH20,  equiaxed  LaP04XH20  and  (Y,La)P04  •  XH20.  The 
weight  loss  is  normalized  to  final  monazite  weight  at  1400°C.  Rod-shaped 
LaP04  •  XH20  has  a  negligible  weight  loss  at  the  coating  temperature  of 
1100°C.  The  corresponding  weight  loss  for  the  equiaxed  LaP04XH20 
and  (Y,  La)  P04XH20  are  ~0.8%  and  0.9%,  respectively. 
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Table  I.  Thermogravimetric  Analysis  (TGA)  Weight  Loss  for 
(Y,La)P04  and  LaP04  Precursors 


TGA  weight  loss%  (normalized) 

Temperature  (°C) 

(Y,La)P04 

LaP04-equiaxed 

LaP04-rod-shaped 

25-200 

5.2 

3.8 

3.3 

1100 

0.9 

0.7 

Negligible 

Fibers  were  desized  at  1100°C  before  coating.  A  continuous  ver¬ 
tical  coating  apparatus  was  used  in  all  the  coating  experiments 
along  with  1-octanol  for  immiscible  liquid  displacement.12  The 
coating  apparatus  was  similar  to  that  used  previously,  except  that 
separate  vessels  housed  the  coating  precursor  and  the  immiscible 
liquid.  Desized  tow  is  wetted  by  coating  precursor  as  it  passes 
continuously  under  a  teflon  pulley.  The  wetted  tows  then  go  under 
another  teflon  pulley  into  1-octanol,  where  excess  sol  within  and 
around  the  tow  is  displaced.  The  wetted  tow  then  moves  contin¬ 
uously  at  3  cm/s  through  a  vertical  tube  furnace,  where  the  coat¬ 
ings  are  heat  treated  at  1 100°C.  The  furnace  hot  zone  was  ~  8  cm 
in  length  and  the  total  furnace  length  was  30  cm.  The  coatings  are 
heated  very  rapidly  and  held  at  maximum  temperature  for  ~  3  s. 
The  supply  and  take  up  spools  are  interchanged  and  the  process  is 
repeated  up  to  6  times  to  increase  coating  coverage  and  thickness. 


III.  Results 

(1)  TEM,  Light  Scattering  Particle  Size ,  and  EDX  Analysis 
TEM  observation  shows  (Y,La)-rhabdophane  equiaxed  parti¬ 
cles  of  10  nm  in  diameter  (Fig.  1),  similar  to  La-rhabdophane 
particles.38  However,  light  scattering  measurements  show  larger 
particle  sizes  of  200  nm  (Fig.  2).  This  suggests  that  there  was 
significant  particle  agglomeration  in  the  sols,  similar  to  that  in¬ 
ferred  for  La-rhabdophane.43  Y  to  La  ratio  was  analyzed  by  the 
standardless  EDX  method  in  the  TEM  using  the  Voyager  soft¬ 
ware.  The  analysis  yielded  an  average  Y  content  in  the  powder 
of  69.8  at.%  (with  respect  to  the  total  cation  content),  in  good 
agreement  with  the  7:3  Y  to  La  molar  ratio  in  which  the  com¬ 
ponents  were  mixed.  Also,  EDX  elemental  mapping  of  the  as- 
precipitated  powder  revealed  no  phase  separation  or  composi¬ 
tional  inhomogeneity. 

(2)  TGA  IDT  A  and  XRD 

The  TGA  data  for  (Y,La)P04  particles  are  compared  with 
LaP04  particles  in  Fig.  3. 7,38  Data  is  normalized  to  the  final 
anhydrous  orthophosphate  weight  at  1400°C.  From  50°  to 
200°C  there  was  a  5.2%  weight  loss  for  (Y,La)PQ4,  3.8%  weight 


Temperature  (°C) 


Fig.  4.  Differential  thermal  analysis  showing  exothermic  peak  temper¬ 
atures  for  LaP04  •  XH20  and  (Y,La)P04  •  XH20  at  -  750°C  and  950°C, 
respectively. 
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Fig.  5.  X-ray  diffraction  of  (Y,La)P04  precursor  heat  treated  to  860°C 
and  950°C. 

loss  for  the  equiaxed  La-rhabdophane,  and  3.3%  weight  loss  for 
the  rod-shaped  La-rhabdophane.  This  is  consistent  with  the 
known  water  of  hydration  of  0.7H2O  for  (Y,La)P04,  0.6  H20 
for  equiaxed  LaP04,  and  0.5  H20  for  rod-shaped 

LaP04. 13,15,30,31,38,44  Weight  loss  above  1100°C  was  negligible 
for  rod-shaped  LaP04,  0.7%  for  the  equiaxed  LaP04  and  0.9% 
for  the  (Y,La)P04  (Table  I).  Weight  loss  for  equiaxed  La- 
rhabdophane  and  (Y,La)P04  particles  was  consistently  higher 
than  that  for  rod-shaped  particles  above  300°C.  This  was  at¬ 
tributed  to  the  decomposition  of  absorbed  CA  and  TMAH.38 

The  exothermic  DTA  peak  for  dehydration  of  rhabdophane 
to  monazite  was  at  ~750°C  for  both  equiaxed  and  rod-shaped 
LaP04  precursors.31,38  The  corresponding  peak  for  (Y,La)P04 
was  at  ~950°C  (Fig.  4).  This  identification  was  confirmed  by 
XRD.  XRD  spectrum  of  the  powder  heat-treated  at  10°C/min 
to  860°C  was  consistent  with  hexagonal  rhabdophane,  but  with 
diffraction  peaks  shifted  to  higher  angles  compared  with  pure 
La-rhabdophane  (Fig.  5).  The  lattice  parameters  of  the 
rhabdophane  powder  were  consistent  with  its  composition.45 
Powders  heat  treated  to  950°C  had  a  mixture  of  monazite  and 
xenotime  (Fig.  5).  The  positions  of  the  monazite  diffraction 
peaks  were  shifted  to  higher  angles  compared  with  pure  La-mo- 
nazite.  From  XRD  data,  the  first  monazite  phase  appearing  im¬ 
mediately  after  the  950°C  phase  transformation  from 
rhabdophane  retains  most  (66  at.%  out  of  ~70  at.%  based 
on  the  total  cation  content)  of  the  Y  from  the  parent  rhabdop¬ 
hane  solid  solution.45  The  diffraction  patterns  of  the  powder 
heat  treated  at  1000°-1600°C  also  showed  monazite  peak  shifts 
to  higher  angles  compared  with  pure  LaP04  monazite.45  The 
magnitude  of  the  shift  increased  with  temperature,  consistent 
with  increasing  solid  solubility  of  Y  in  monazite  at  higher  tem¬ 
peratures  from  ~12  at.%  at  1000°C  to  ~42  at.%  at  1600°C. 
The  positions  of  the  xenotime  diffraction  peaks  were  in  good 
agreement  with  the  PDF  data46  for  YP04,  regardless  of  the  heat 
treatment.  This  suggests  little  solid  solubility  of  La  in  xeno- 


Fig.6.  Transmission  electron  micrograph  of  as-deposited  (Y,La)P04 
fiber  coatings  on  Nextel  720,  showing  a  thin  film  of  A1P04  in  the  coating 
fiber  interphase. 
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d-spacing  (A) 


Fig.  7.  Transmission  electron  micrograph  and  electron  diffraction  patterns  of  fiber  coatings  of  (Yo.7La0.3)P04,  DyP04  (xenotime)  and  LaP04  (mo- 
nazite)  heat  treated  at  1200°C/10  h.  Prominent  rings  are  identified  as  monazite  (blue)  and  xenotime  (red). 


Fig.  8.  Transmission  electron  micrograph  of  [(Y,La)P04+l%  A1203]  coating  on  Nextel  720  showing  a  clean  fiber  coating  interface. 
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Fig.  9.  Cross-sectional  scanning  electron  micrographs  of  [(Y,La)PQ4+ 1%  A1203]  coating  on  Nextel  720  fibers. 


time.45  The  detailed  analysis  of  the  effect  of  heat-treatment  tem¬ 
peratures  and  time  on  lattice  parameters,  phases,  and  composi¬ 
tions  is  presented  elsewhere.4 

(3)  Fiber  Coating 

Similar  to  the  spherical  La-monazite  coatings,47  grains  in  the 
(Y,La)-monazite/xenotime  coating  were  equiaxed  and  averaged 
13  +  0.7  nm  in  diameter  (Fig.  6).  This  grain  size  was  slightly 
larger  than  the  particle  size  (10  +  0.5  nm)  in  the  (Y,La)P04  •  H20 
sol,  suggesting  minor  growth  during  fiber  coating.  A  semi-quan- 
titative  evaluation  of  the  Y  to  La  molar  ratio  in  the  coatings  was 
done.  Selected  area  electron  diffraction  pattern  of  the  fiber  coat¬ 


ing  heat  treated  at  1200°C  for  10  h  (Fig.  7(a),  left  side)  was 
compared  with  the  diffraction  patterns  from  pure  monazite  and 
pure  xenotime  coatings  as  standards  (Fig.  7(b)  and  (c),  respec¬ 
tively).  Because  pure  YP04  xenotime  coatings  were  not  avail¬ 
able,  a  diffraction  pattern  from  a  DyP04  xenotime  coating 
obtained  using  the  method48  was  used  in  this  analysis.  Each 
pattern  in  Fig.  7  is  a  digital  summation  of  eight  individual  pat¬ 
terns  from  coatings  on  different  filaments.  An  enlargement  of  a 
strip  of  each  pattern  is  shown  in  the  upper  right  hand  corner, 
and  the  integrated  diffraction  intensity  of  the  entire  pattern  is 
shown  in  the  lower  right  hand  corner  over  the  same  ^-spacing 
range  (monazite — blue,  xenotime — red).  A  digital  summation 
50-50  (weighting)  of  the  monazite  and  xenotime  patterns 


1100°C 


1200°C 


1300°C 


Fig.  10.  Scanning  electron  micrographs  of  thick  equiaxed  LaP04  and  (Y,La)P04  fiber  coatings  heat  treated  from  1  to  100  h  at  1 100°-1300°C,  showing 
higher  grain  growth  rates  of  monazite. 
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Fig.  11.  Transmission  electron  micrographs  of  equiaxed  LaP04  and  (Y,La)P04  in  cross  section  after  heat  treatment  at  1100°,  1200°,  and  1300°C  for  10- 
100  h.  Monazite  coatings  are  locally  hermetic  for  heat-treatment  temperatures  >  1100°C  and  time  >  10  h.  Monazite/xenotime  coatings  heat  treated  at 
temperatures  up  to  1100°C  and  time  100  h  are  not  hermetic. 


(the  green  line)  is  shown  for  comparison  with  the  actual  (Y,La)- 
monazite/xenotime  pattern  (the  black  line).  Prominent  monazite 
and  xenotime  rings  are  identified  with  the  ^/-spacings.  As  ex¬ 
pected,  some  of  the  d-spacings  were  slightly  shifted  in  the 
(Y, La) -monazite  solid-solution.  Both  monazite  and  xenotime 
are  present  in  the  (Y,La)  monazite/xenotime  coating  in  roughly 
equal  amounts. 

A  thin  film  of  amorphous  A1P04  was  present  at  the  fiber/ 
coating  interface  (Fig.  6).  Trace  amorphous  A1P04  was  previ¬ 
ously  observed  in  fiber  coatings  made  from  rod-shaped 
rhabdophane  particles,  and  was  inferred  to  form  by  reaction 
of  slight  excess  coating  phosphorous  with  A1203  in  the  fibers.13 
In  coatings  made  with  1  wt%  alumina  doped  sols,  A1P04 
films  were  not  observed  at  the  fiber-coating  interface  (Fig.  8). 
SEM  observations  show  significant  variations  in  coating  thick¬ 


ness  ~2  pm  to  ~50  nm  along  and  between  fiber  filaments 
(Fig.  9). 

(4)  Coating  Grain  Growth  LaP04  and(Y,  La)P04IYP04 

Grain  growth  of  (Y,La)-monazite/xenotime  coatings  heat  treat¬ 
ed  at  1 100°-1300°C  for  1,10,  and  100  h  is  compared  with  LaP04 
coatings  made  from  similar  precursors39  (Figs.  10-13).  TEM 
and  SEM  observations  show  slower  grain  growth  rates  in 
(Y,La)-monazite/xenotime  coatings  (Figs.  10  and  11).  The  grain 
growth  kinetics  was  evaluated  using  SEM  data  from  Table  II, 
the  results  of  which  are  shown  in  Fig.  12.  The  growth  kinetics 
was  represented  by  an  equation  of  the  form49: 

d  —  d0  =  k(T)tn  (2) 
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Table  II.  Average  Grain  Size  (nm)  in  Monazite  (M)  and  Monazite/Xenotime  (M/X)  Coatings 


t 

T 

1000°C 

1100°C 

1200°C 

1300°C 

M 

M/X 

M 

M/X 

M 

M/X 

M 

M/X 

1  h 

35 

37 

53 

47 

140 

96 

268 

157 

10  h 

45 

41 

76 

63 

200 

130 

314 

213 

100  h 

48 

45 

93 

75 

256 

156 

597 

302 

where  d0  is  the  initial  and  d  is  the  final  grain  size,  k(T)  is  a  tem¬ 
perature  dependent  growth  constant,  t  is  time,  and  n  is  a  growth 
exponent  (Fig.  12).  The  growth  exponents  for  monazite  (0.10- 
0.23)  were  consistently  larger  than  those  for  monazite-xenotime 
mixtures  (0.08-0.12).  All  measured  growth  exponents  were 
much  smaller  than  those  observed  for  Ce-monazite  (0.5)50  and 
Er-xenotime  (0.3 3). 51  YP04  xenotime  sintering  rates  are  report¬ 
ed  to  be  lower  than  those  for  LaP04  monazite.22  Coating  po¬ 
rosity  and  thin  film  constraints  may  be  at  least  partly  responsible 
for  the  low  growth  exponents.52,53  Also,  two-phase  mixtures 
may  alter  the  grain  growth  rates  by  grain  boundary  pinning  or 
Zener  pinning.53  57  But  in  this  particular  situation  the  Zener 
model  was  not  applied  due  to  the  following  reasons:  Experi¬ 
mental  evidence  shows  that  during  heat  treatment,  the  YP04 
phase  forms  a  solid  solution  with  the  LaP04  phase.  Powders 
heat  treated  at  1000°C  for  100  h  had  16.2  at.wt%  of  Y  dissolved 
in  LaP04.  Also,  powders  heat  treated  at  1400°C  for  1  h  had  33.3 
at.wt%  of  Y  in  LaP04.45  The  volume  fraction  of  LaP04  will 
therefore  vary  with  the  heat  treatment  time  and  temperature.  In 
addition,  the  grain  growth  study  show  that  both  the  YP04  and 
LaP04  phase  grow  whereas  in  the  Zener  model  the  inclusion  is 
assumed  to  be  inert  and  its  size  is  fixed.  Finally  the  kinetics  of 
growth  of  xenotime  are  slower  than  that  of  monazite.21,22,50,51 
k(T)  is  expressed  by  the  usual  Arrhenius  equation: 

k(T)  =  ce~Q/RT  (3) 

where  Q  is  an  activation  energy,  R  is  the  gas  constant,  T  is 
the  temperature  (°K)  and  c  is  a  rate  constant.  Arrhenius  plots 


Fig.  12.  Isothermal  grain  growth  in  thick  equiaxed  LaP04  and 
(Y,La)P04  fiber  coatings  heat  treated  at  1000°-1300°C  for  1-100  h. 
Growth  exponents  are  shown  on  the  graph  for  each  heat-treatment 
temperature. 


of  [In(d—d0)—nln(t)\  vs.  l/T  for  monazite  and  (Y,La)-monazite/ 
xenotime  grain  growth  are  shown  in  Fig.  13.  Q  for  monazite 
grain  growth  was  135  and  109  kJ/mol  for  monazite/xenotime 
grain  growth.  These  values  were  smaller  than  those  found 
for  CeP04  monazite  (192  kJ/mol)  and  ErP04  xenotime  (159 
kJ/mol). 


(5)  Coated  Fiber  Strength 

The  cause  of  fiber  strength  degradation  during  fiber  coating  has 
been  inferred  to  be  high  temperature  stress  corrosion  from  coat¬ 
ing  precursor  decomposition  products  trapped  in  the  coating 
(Table  I  and  Fig.  3)7.12-15,39,53,59  For  rod_shaped  La-rhabdop- 
hane,  high  as-coated  fiber  strength  correlated  with  low  precursor 
weight  loss  at  high  temperatures.  As-coated  fibers  made  with 
equiaxed  La-rhabdophane  precursor  had  high  as-coated 
strength  despite  significant  precursor  weight  loss  above 
1100°C39  (Table  I,  Figs.  3  and  14).  However,  unlike  rod-shaped 
precursor,  the  fibers  coated  with  equiaxed  monazite  had  a  con¬ 
siderable  strength  loss  after  long-term  heat  treatment  for  100  h 
at  1100°C.  Similar  to  equiaxed  La-rhabdophane  coated  fibers, 
monazite/xenotime  as-coated  fibers  made  with  the  equiaxed 
(Y,La)-rhabdophane  precursors  had  high  as-coated  strength 
despite  significant  precursor  weight  loss  above  1100°C  (Table 
I,  Figs.  3  and  14).  However,  their  response  to  long-term  heat 
treatment  was  rather  similar  to  the  rod-shaped  pure  La-mona- 
zite  coatings.  These  fibers  retained  their  high  strength  after 
heat  treatment  for  100  h  at  1100°C  (Fig.  14).13-14’39  Nextel™ 
720  fibers  previously  coated  with  rod-shaped  LaP04  had 
strengths  of  ~  1.75  +  0.05  GPa  after  1100°C/100  h  heat-treat¬ 
ment  (Fig.  14).  The  corresponding  values  for  equiaxed  monazite 
and  (Y,La)-monazite/xenotime  mixtures  were  1.38  +  0.06  GPa 
and  1.76  +  0.05  GPa.  The  corresponding  strength  of  uncoated 
fiber  was  1.80  +  0.07  GPa. 

SEM  and  TEM  studies  of  the  coated  fibers  heat  treated  at 
1 100°C/100  h  showed  the  equiaxed  monazite  coatings  to  densify 


Fig.  13.  Arrhenius  plots  of  equiaxed  LaP04  and  (Y,La)P04  grain 
growth  for  1,  10,  100  h  showing  the  calculated  activation  energies. 
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Fig.  14.  Tensile  strengths  of  equiaxed  LaP04  coated  Nextel  720  fibers;  (a)  as-coated  fiber  and  (b)  heat  treated  at  1 100°C/100  h. 


after  heat  treatment  at  1100°C/100  h,  whereas  the  monazite/ 
xenotime  coating  given  a  similar  heat  treatment  does  not 
(Fig.  11).  In  principle  dramatic  grain  growth  rate  changes  are 
expected  as  the  rate  controlling  mechanism  changes  from  coars¬ 
ening  by  surface  diffusion  in  porous  non-hermetic  coatings  to 
grain  boundary  and  lattice  diffusion  in  denser  coatings.  This 
transition  is  diagnostic  of  open  porosity  transitioning  to  closed 
porosity  in  the  coatings.  This  transition  was  not  observed  for 
either  monazite  or  monazite/xenotime  grain  growth  exponents 
or  activation  energies  from  1000°  to  1300°C  (Figs.  12  and  13), 
although  TEM  observations  of  coatings  heat  treated  at  1 100°C/ 
100  h  showed  the  monazite  coatings  to  be  at  least  locally  her¬ 
metic  and  monazite/xenotime  coatings  to  be  non  hermitic 
(Fig.  11). 

A  tentative  explanation  for  the  strength  loss  after  long-term 
heat  treatment  for  coated  fiber  made  from  equiaxed  La- 
rhabdophane  may  relate  to  the  high  surface  area  and  high  sinte¬ 
ring  rate  of  equiaxed  particles  (Figs.  10-12).  Equiaxed  particles 
may  adsorb  more  precursor  decomposition  products  than  rods 
of  the  same  diameter.  These  desorb  at  higher  temperatures. 
Some  decomposition  products  may  be  trapped  in  coating  pores 
adjacent  to  the  fiber,  and  cause  growth  of  fiber  surface  flaws  by 
stress  corrosion  cracking  driven  by  intergranular  residual  stress. 
The  two -phase  monazite/xenotime  coatings  was  non  hermetic 
(Fig.  11).  Hence  the  less  rapid  densification  of  the  two-phase 
coatings  may  trap  a  smaller  amount  of  decomposition  products 
adjacent  to  the  fiber.  Therefore,  strength  degradation  by  the 
two -phase  coating  was  less  severe. 


IV.  Conclusions 

A  single  precursor  two-phase  monazite-xenotime  mixture 
(Y,La)P04  •  0.7H2O  was  made  and  used  to  coat  Nextel  720  fi¬ 
ber  tows.  The  precursor  was  characterized  by  TGA/DTA  and 
XRD  studies  before  fiber  coatings.  The  precursor  transformed 
to  a  mixture  of  a  (Y,  La)-monazite  and  xenotime  at  ~950°C. 
Coatings  heat  treated  in-line  at  1100°C  formed  a  mixture  of 
monazite/xenotime  with  a  ~13  nm  grain  size. 

Grain  growth  of  two-phase  monazite/xenotime  coatings  was 
slower  than  that  of  pure  monazite  coatings.  The  growth  expo¬ 
nents  for  monazite  (LaP04)  were  consistently  larger  than  those 
for  monazite-xenotime  [(Y,La)P04/YP04]  mixtures.  As-coated 
fiber  strength  was  not  degraded  by  the  monazite/xenotime  coat¬ 
ing  derived  from  nanosized  equiaxed  particles,  despite  signifi¬ 
cant  weight  loss  from  the  coating  precursor  at  high  temperature. 


After  heat  treatment  at  1100°C/100  h,  the  monazite/xenotime- 
coated  fiber  retained  strength,  while  the  monazite  coated  fiber 
was  degraded  in  strength.  Coated  fiber  strength  loss  may  be  re¬ 
lated  to  the  relative  densification  rates  of  the  two  coatings. 
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